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Role of the actin cytoskeleton on epithelial Na channel regulation.
The regulatory role of actin filament organization on epithelial Na
channel activity is reviewed in this report. The actin cytoskeleton, consist-
ing of actin filaments and associated actin-binding proteins, is essential to
various cellular events including the maintenance of cell shape, the onset
of cell motility, and the distribution and stability of integral membrane
proteins. Functional interactions between the actin cytoskelcton and
specific membrane transport proteins are, howcver, not as well under-
stood. Recent studies from our laboratory have determined that dynamic
changes in the actin cytoskeletal organization may represent a novel
signaling mechanism in the regulation of ion transport in epithelia. This
report summarizes work conducted in our laboratory leading to an
understanding of the molecular steps associated with the regulatory role of
the actin-based cytoskeleton on epithelial Na channel function. The basis
of this interaction lies on the regulation by actin-binding proteins and
adjacent structures, of actin filament organization which in turn, modu-
lates ion channel activity. The scope of this interaction may extend to such
relevant cellular events as the vasopressin response in the kidney.
The actin-based cytoskeleton, consisting of actin filaments and
associated proteins, is a dynamic structure which plays an essential
role in the regulation of cellular events including the stability of
cell shape and the onset of cell motility [1], the distribution of
integral membrane proteins [2, 3] and the control of hormone
action [41. The role of actin interactions with other structures
including ion channels, however, is largely unknown. Actin and
the various actin-binding proteins couple to a variety of trans-
membrane proteins including most ion transport molecules [2, 5].
Ankyrin and spectrin, for example, co-localize with the band 3
anion exchanger [6], the a subunit of the Na F,K±ATPase in
epithelial cells [7], and the rat brain, voltage-sensitive Na
channels [8]. Other ion transport proteins including the
Na,K ,CI -cotranporter, and the Na IH exchanger are also
linked to cytoskeletal components [9, 10]. More recent findings
also indicate that the Na channel complex of epithelial A6 cells
co-purifies with ankyrin, fodrin, and actin itself [111. Functional
interactions between the actin cytoskeleton and ion channels have
been also recently reported for Ca2 channels from neurons [12,
13]. These data are consistent with the recent observation that
actin filaments co-localize and are capable of modulating Na
channel activity in epithelial cells [14].
Under physiological conditions including high ionic strength
and such substrates as ATP, for example, actin readily polymer-
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izes into long helical (rigid) filaments of several rm in length [15].
Once polymerized, filamentous (F) actin remains as an a helix in
dynamic equilibrium with monomeric (G) actin (Fig. 1). Only
polymerized actin is known to have a biological role. Controversy
still surrounds the average length of physiologically relevant actin
filaments [16]. Actin is also known to bind and slowly hydrolyze
ATP, whereby a phosphate and ADP are non-covalently attached
to the protein in a process that may entail changes in the
mechanical stability of the polymer [17]. The Mg2-ATP complex
binds to, and changes the conformation of G-actin, thus increasing
the affinity of actin monomers to nucleate and form oligomers.
Interestingly, this phenomenon can be mimicked by the fungal
toxins, cytochalasins, which have a nucleating effect upon binding
to the actin monomer [18, 19]. Mg2-ATP-bound G-actin is
complexed into F-actin in a multistep process which includes short
polymeric forms (nucleated actin), and longer forms generated by
annealing to finally become long filaments [20, 21].
A large number of proteins that modulate actin filament
organization has been described [22]. These proteins, generally
known as actin-binding proteins, will bind to and interact with the
various forms of actin in a highly specific manner. Thus, actin-
binding proteins can bind to either G- or F-actin, therefore
regulating actin polymerization, or may help link actin filaments
to other intracellular structures including microtubules [23], and
the plasma membrane [24, 25]. Actin-binding proteins are classi-
fied by their in vitro function. Among the G-actin-binding proteins
is the group known as profihins, low molecular weight (13 to 15
kD) cytoplasmic proteins, which bind and stabilize the actin
monomer, therefore preventing actin polymerization [26, 27]. The
pancreatic enzyme deoxyribonuclease I (DNAse I), a 33 kD
protein, also binds G-actin into a complex with a stoichiometry of
1:1 which is unable to polymerize [28]. The F-actin-hinding
proteins are known to have at least two actin-binding domains and
thus induce either the bundling or the cross linking of actin
filaments into tridimensional actin filament networks with gel
behavior [29]. Depending on the distance between the actin-
binding domains, these proteins may enable either the bundling of
actin (tightly packed arrays of filaments), as is observed in the
complexes of F-actin found in microvilli, or otherwise the cross
linking of actin [301. Two of the most important proteins in this
group are filamin and its homologue actin-binding protein (ABP),
which was first isolated from rabbit macrophages [31, 321. Recent
studies have determined that filamin also helps actin filaments
interact with membrane glycoproteins, a function which is distinct
from its actin filament cross linking capability [33].
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Two general classes of proteins can be functionally distin-
guished, those that cap and sever actin filaments and proteins that
only induce the capping of the barbed end of actin [34]. The
capping or severing proteins help fragment the already polymer-
ized actin filaments. The severing effect on the actin filaments is
produced when the capping protein selectively binds to one of the
ends of the polymer inhibiting the rate of polymerization at that
end. Therefore, actin-capping proteins have a similar effect to that
of cytochalasins on actin filament organization [35, 36]. One
important member of this family is gelsolin, a 90 kD protein
originally purified from macrophages [37, 38], whose effect on
actin filament networks is Ca2-dependent.
Experimental evidence for actin regulation of epithelial
Na channels
Role of actin on Na + channel regulation
As indicated above, actin and its associated proteins are
structurally linked to ion transport proteins. It is thus possible that
actin filament organization maybe also a regulatory component of
membrane transport including ion channel activity. In this regard,
a functional relationship between actin filament organization and
stretch-activated channels has been long recognized [39—41]. It
was originally concluded from experiments entailing the pro-
longed use of cytochalasins [39] that stretch-activation of ion
channels was mediated by changes in the cytoplasmic surface
tension maintained through the elastic activity of the cortical
cytoskeleton. We have, on the other hand, proposed a different
hypothesis which is based upon the assumption that changes in
actin filament organization may lend themselves responsible for
ion channel regulation. This interaction may be either related to
a direct coupling of cytoskeletal components to transport proteins
and/or the sequential interaction of actin filaments with apically
located regulatory pathways. The studies summarized in this
report indicate that both possibilities are feasible.
The hypothesis that the actin cytoskeleton was involved in the
regulation of epithelial Na channels was first supported by
immuno-colocalization studies showing that Na channels ap-
pearing on the cell surface are always in close proximity to actin
filaments [11, 14]. The studies described herein were conducted in
Fig. 1. Dynamics of interactions among the
various conformations of actin. In the presence
of MgATP, monomeric (G) actin (Left) readily
nucleates into short actin filaments (tn-,
tetramers, Center) which then anneal to
produce long actin filaments (Right). The
protein DNAse I interacts with G-actin thereby
inhibiting its polymerization. Intracellular
proteins such as gelsolin cap and/or sever actin
filaments, therefore decreasing their viscosity.
Cross linking proteins such as filamin induce
the gelation of the actin filaments. Actin-
bundling proteins, including a-actinin, enable a
tightly packed F-actin network or bundle.
the polarized epithelial cell line A6, originated from the distal
amphibian nephron, and which has been extensively studied by us
[14, 42—44] and others [45—47], thus providing a useful model for
the characterization of ion transport phenomena in hormonally-
targeted renal epithelia.
A6 cells at all stages of growth including dividing or newly-
plated cells showed Na channels first appearing on microvilli and
apical surface ridges in close proximity to actiri filaments which
penetrate to the same points on the cell surface. This finding
raised the possibility that a potential Na channel-actin filament
interaction might be an early feature of epithelial cell develop-
ment. Albeit this interaction may serve as a means to control the
spatial distribution of Na channels in the apical membrane of
epithelial cells, which is a requirement of polarized epithelia, the
possibility also existed that the co-localization of actin filaments
with the apical Na channels would also be of a functional nature.
This indeed proved to be the case. The studies focused on the
amilonide-sensitive Na channels expressed by subconfluent A6
epithelial cells. Under culture and growth conditions as previously
reported [42], this pool of apical Na channels represents the
major pathway for Na reabsorption by this epithelium [48].
Briefly, this amiloride-sensitive Na4 channel (K1 —i0 M) has a
Na:K permselectivity of 5 to 1 and a single, non-rectifying
single channel conductance of 8 to 10 pS [14, 42]. The details of
the methodology have been previously described in the respective
studies.
Effect of cytochalasin D treatment on Na channel activity. To
assess the functional role of endogenous cortical actin networks
on apical Na channel activity in A6 cells, actin filament organi-
zation was first modified with cytochalasin D (CD), a fungal toxin
known to depolymerize actin filaments [18, 49]. Ion channel
activity was followed by the patch-clamp technique under cell-
attached conditions. As expected from its depolymerizing effect
on F-actin, CD induced Na channel activity within five minutes
of addition (Fig. 2). The effect was specific for CD since other
cytochalasins including B, A, and E did not elicit ion channel
activation in either cell-attached or excised patches [14]. Because
DNase I also inhibited the CD-induced Na channel activity, the
Mg2/ATP
(F-actin)
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Fig. 2. Effect of cytochalasin D on Na channel
activation in A6 cells. Cells were exposed for
various times to cytochalasin D (CD, 5 jig/mI)
and patched under cell-attached conditions. A.
Representative tracings of cell-attached patches
under control conditions with no channel
activity (top tracing), and after 18 minutes
(middle tracing), and 60 minutes (bottom
tracing) of CD addition. NaCI (115 mM) was in
the pipette and bathing solutions. B. The
product of the mean open probability and the
apparent number of channels is indicated on
the ordinate for various times after cytochalasin
D addition. Activation of Na channels was
observed by two mm after addition of
cytochalasin D and was completely absent after
40 minutes. The data are the mean SCM, N
10. Reproduced from [44] with permission.
data allowed speculation that short actin filaments might be
involved in effecting ion channel activation. The possibility that
Na channel activation triggered by CD was indeed mediated by
changes in actin filament organization was further supported by
the fact that the CD effect was transient and was only observed in
cells treated with the drug for periods of time shorter than 40
minutes. However, longer exposures to CD resulted in dramatic
changes in cell shape and loss of plasma membrane interactions
0 20 40
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with the cytoskeleton. Under these conditions Na channel
activation was no longer observed [44].
Effect of actin on Na channel activity. To further demonstrate
that the effect of CD on Na channel activity was associated with
changes in actin filament organization and not in membrane
structure as has been previously suggested [39, 50], the effect of
exogenous actin was directly assessed. Addition of purified actin
at the critical concentration for polymerization (>5.0 M) to the
cytoplasmic side of excised inside-out patches, induced and/or
increased Na channel activity (Fig. 3) [14]. This would therefore
be consistent with the above results in which endogenous filament
disruption would enable more free soluble actin. The apparent
channel number doubled under these conditions, but no change
was observed in the mean open time of active Na channels. This
particular finding indicates that the otherwise quiescent (prior to
addition of actin) Na channels were already present in the patch.
In contrast, whenever actin was added after being polymerized to
achieve predominantly long filaments, no Na channel activation
was observed. Since actin rapidly polymerizes into short filaments
at the concentration and high ionic strength conditions of the
bathing solution, it was speculated that short polymers instead of
monomeric actin induced channel activity. Thus, the nature of
actin filament length would be an important parameter on its
effect(s) on Na channel activation. This hypothesis was further
explored by assessing the effect of ATP and actin-binding proteins
on the actin-mediated regulation of epithelial Na channels. ATP
helps the nucleation and polymerization of actin by stabilizing its
polymeric conformation [17, 20]. Thus the effect of ATP on the
actin-induced Na channel activity would help evaluate the role
of actin filaments on the activation process. Addition of ATP (1
mM) to the patch-bathing solution containing exogenous actin
Fig. 3. Effect of actin and ATP on Na channel
activity. Addition of actin (5 jsM) to the
cytoplasmic side of excised patches with no
spontaneous Na channels (top tracing)
induced Na channel activity within five
minutes (middle tracing, representative of 11
experiments). Further addition of ATP (1 mM)
significantly enhanced the effect of actin alone
(bottom tracing, representative of 11
experiments). Holding potential was 60 mV in
symmetric Na solutions (NaCI, extracellular
surface; Na isethionate, cytoplasmic surface).
Reproduced with permission from [14].
further increased the average open channel number (Fig. 3).
Interestingly, the addition of ATP also increased the mean open
time of the actin-induced channels, an indication that the actin
conformation may be important in the conformational changes
that trigger Na channel activation. This was further supported by
the finding that ADP was without effect on the actin activation of
Na channels. Addition of ATP to quiescent patches in the
absence of actin was also without effect. Thus, the effect of the
nucleotide is consistent with conformational changes enabled by
the MgATP complex onto the actin monomer and not prepoly—
merized (endogenous) actin. The effect of CD on the exogenous,
actin-mediated Na channel activation was also in agreement
with this hypothesis, since addition of the drug after channel
activation with actin also further increased the mean open time of
active channels. Actin filaments of various lengths were therefore
tested on the Na channel activity by the direct use of actin-
binding proteins with known specific interactions with the actin
molecule.
Effect of DNAse I on the actin-mediated Na channel activation.
To further demonstrate that a "short" actin filament and not
G-actin was the effective species responsible for the activation of
Na channel activity, the effect of the monomeric actin-binding
protein, DNAse I, was examined in excised membrane patches.
DNAse I forms 1:1 molar complexes with G-actin [28]. These
complexes are unable to polymerize and therefore prevent fila-
ment formation [51]. Addition of DNAse I to the cytoplasmic
surface of apical membrane patches prior to the addition of actin
prevented the stimulatory effect of exogenous actin on Na
channels, either in the presence or absence of ATP. In addition,
DNAse I inhibited actin-activated Na channels decreasing both
the average channel number and percent open time of active Na
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Fig. 4. Effect of gelsolin on actin -induced Na + channel activity. Addition of
actin plus gelsolin to excised patches with no channel activity induced Na
channel activity within one minute of addition when using actin:gelsolin
ratios < 8:1. Na channel activity is expressed as Np0, where N is the
number of channels present and p0 is the average open probability. Data
at 32:1, 8:1, and 4:1 ratios are means SE of three experiments.
* Statistical significance (P < 0.05) as compared with data in the absence
of gelsolin. Long actin filaments alone (actin polymerized for 2 hr in the
presence of ATP and high ionic strength) failed to elicit Na channel
activity (N = 4). Holding potential, 100 mV. Reproduced from [141 with
permission.
channels. This effect was reversible as channel activity recov-
ered with DNAse I washout but without replacing either actin
or ATP to elicit this reactivation, thus suggesting the continued
presence of a pooi of short actin filaments that may be strongly
attached to the membrane [521. To further demonstrate that
DNAse I binding to G-actin was the inhibiting factor on Na
channel activity, DNAse I:actin complexes were incubated for
two hours prior to addition to the patch. Addition of these
complexes to otherwise quiescent patches was completely
ineffective in activating Na channel activity. The encompassed
evidence from the CD and actin experiments strongly supports
the contention that short actin filaments were the species
responsible for Na channel activation. This was further
explored by directly assessing the actual length of the actin
filaments involved in this activation process.
Effect of actin.gelsolin complexes on Na channel activity. The
length of endogenous actin filaments is regulated by the Ca2-
sensitive protein, gelsolin [37]. The extent to which gelsolin will
shorten actin filaments will depend on the actin:gelsolin molar
ratio [37]. Thus, as an additional test of the hypothesis that actin
filaments of restricted length were involved in the stimulation of
Na channel activity, actin was polymerized in the presence of I
mM Ca2 with different concentrations of gelsolin to elicit fila-
ments of varying known length [37, 38]. Actin:gelsolin complexes
at a ratio of 4:1, and thus consistent with short oligomers (tn-,
tetramers) induced Na channel activity in excised patches with
no spontaneous activity (Fig. 4). The critical ratio of actin:gelsolin
to elicit Na channel activity was < 8:1. Because actin in the
presence or absence of gelsolin was allowed to polymerize to its
maximum filament length, actin alone was added as "long"
filaments which, in contrast to the effect of short actin filaments,
were ineffective in activating Na channels.
Effect of F-actin binding proteins on the actin-mediated Na
channel activation. The availability of actin filaments in the vicinity
of the Na channels is also an important factor in the regulatory
role of actin on Na channel activity. Because actin filaments are
readily cross linked in the presence of suitable actin-binding
proteins [22, 30], the effect of actin on Na channel activation was
also assessed by the addition of F-actin-binding proteins to the
excised patches. Filamin, as discussed above, is known to cross
link actin filaments [29, 31]. Addition of filamin to excised patches
completely inhibited actin-induced Na channel activity (Fig.
5A). The fact that spontaneous Na channel activity was also
inhibited by the addition of filamin indicates that the endogenous
actin filament organization also regulated basal channel activity,
thus further supporting the contention that under basal condi-
tions, the stabilized actin filament organization may contribute to
maintain channels in the closed state. Filamin, however, also
interacts with membrane glycoproteins [33], thus the possibility
exists that this interaction, which is independent of filamin's ability
to bind and cross link actin, could also account for its inhibitory
effect on Na channel activity, This was further studied by
addition of the actin-bundling protein a-actinin, known to share
the same actin-binding domain as filamin but devoid of known
specific interactions with plasma membrane proteins [30]. Addi-
tion of a-actinin, in contrast to filamin, activated Na channels
(Fig. 5B). Because a-actinin and filamin share the same actin-
binding domain [30], but only filamin is able to interact with
plasma membrane glycoproteins (in contrast to membrane lipids
as is the case of a-actinin [53]), the opposite effects of these
actin-binding proteins on Na channel activity may be explained
either by a direct interaction of these proteins with specific plasma
membrane components including the Na channel itself and/or by
the alternate nature of the cross linked actin network elicited by
either protein [30], which may have differential effects on their
regulatory role on Na channels.
The above findings also raise the possibility that sequences
shared by the various members of this family of actin-binding
proteins can be used as tools to investigate whether specific
interactions between the plasma membrane, ion channels, and the
various components of the actin cytoskeleton do indeed exist. This
was recently explored in human melanoma cells displaying an
impaired cell shape and motility which is caused in these cells by
the complete lack of the filamin homologue ABP-280 [54]. In
those and more recent studies, the successful transfection and
expression of physiological levels of filamin restored normal cell
function [55]. The studies also established that the expression of
filamin is required for normal ion channel regulation in this cell
model [55], since the presence of filamin allowed a normal cell
volume regulatory response after hypotonic stimulus which was
mediated by the proper regulation of volume-sensitive K chan-
nels. Thus, actin-binding proteins may have distinct effects de-
pending on the actin conformation they enable, and thus help
effect the required cell response including ion channel regulation.
Actin controls the hormonal regulation of epithelial
Na+ channels
Vasopressin serves a number of roles in target tissues. In the
mammalian kidney, vasoprcssin modulates Na and water trans-
port, vasoconstriction, prostaglandin production, and mitogenic
effects. Two intracellular signaling events, either changes in Ca2
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or cAMP, are associated with vasopressin action. This latter
signaling pathway is associated with the V2-subtype of vasopressin
receptors eliciting the antidiuretic hormonal effect in the kidney,
perhaps the most relevant role of vasopressin in mammals. The
V2-receptor mediates the activation of adenylyl cyclase, the
production of cAMP, and the subsequent activation of the
cAMP-dependent protein kinase (PICA). The phosphorylation of
putative substrate targets associated with this physiological re-
sponse, however, have not been yet identified. The effect of
vasopressin in target epithelia, which is largely associated with an
increase in the apical Na permeability, is also linked to the
depolymerization of actin, in a process which can be for the most
part mimicked by cytochalasin D. Thus, in order to further
understand the coupling mechanism(s) linking hormone-receptor
activation with the physiological response of NaF channel activa-
LA
0.5 sec
Fig. 5. Effect of filamin and a-actinin on Na +
channelactivity. A. Top tracing: Na channel
activity in the presence of actin plus ATP under
conditions identical to those shown in Figure 3
in an excised, inside-out patch at a holding
potential of 60 mV. Bottom tracing: Effect of
20 nvi filamin 2 and four minutes after addition.
These data are representative of 4 experiments.
Reproduced with permission from [14]. B.
Addition of a-actinin (10 pg/mI) to excised
patches with no spontaneous activity induced
Na channel activity within one minute
(representative of 4, bottom tracing).
tion, we also investigated the role of actin filament organization in
vasopressin action in A6 epithelial cells.
In this section, information will be summarized concerning the
involvement of the cAMP pathway in the A6 epithelial cell model.
We will once again focus on work conducted in our laboratory
pertaining to the regulatory role of the cAMP-induced, and
PKA-mediated activation of the epithelial Na channels which
are also the target of apical, pertussis toxin-sensitive G proteins
[42, 48, 56] and phospholipase metabolites [561.
Although several apical ion channels are responsive to the
cAMP-pathway in target epithelia [57, 581, the role of the 9 pS
Na channel pool present in the apical domain of A6 cells had not
been previously linked to regulation by AVP. These Na' channels
are, however, responsible for the amiloride-sensitive apical barrier
to transepithelial Na4 movement in this epithelium [48].
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Effect of Al/P and the cAMP pathway on Na channel activity
To determine the role of AVP on epithelial Na channel
activation, the effect of AVP was studied on cell-attached patches
of partially confluent A6 cells with methodology similar to that
previously described for the experiments with CD. Addition of
AVP to cell-attached patches either induced or increased Na
channel activity within five minutes of addition (Fig. 6, for details,
see [43]). The AVP-activated channels had a mean channel
conductance of 8 to 10 pS, no apparent rectification under
excised, inside-out conditions, and displayed a Na :K selectivity
of 3 to 5:1 as previously reported [14, 42, 46]. The data therefore
indicated that AVP activated Na channels with similar charac-
teristics to those previously reported in A6 cells [43, 46] and which
represent the same Na channel pool regulated by the actin
cytoskeleton [14]. The role of the cAMP-mediated pathway in the
regulation of the vasopressin-induced apical channels was further
explored by determining whether Na channel activation was also
mediated by the endogenous second messenger cAMP. Three
different protocols were followed to increase cytosolic cAMP: (a)
addition of non-hydrolyzable analogs 8-Br- or cpt-cAMP; (b)
addition of the phosphodiesterase inhibitor IBMX; and (c) direct
activation of adenylyl cyclase with forskolin. In each case the
addition of the drug to cells under cell-attached patch-clamp
conditions resulted in a significant increase in both the apparent
channel number and the average open probability, thus compa-
rable to the results obtained with AVP (Fig. 7). Addition of the
inactive analog 1,9 dideoxyforskolin, however, was without effect
on Na channel activity.
Effect of PKA on Na channel activity
The cAMP-dependent pathway is responsible for the activation
of the cAMP-dependent protein kinase (PKA). Therefore, to
demonstrate that PKA also activates Na channels, excised,
inside-out patches with no apparent Na channel activity were
first obtained. Addition of PKA and ATP to the cytoplasmic side
of excised, inside-out patches induced and/or increased the ap-
parent channel number and the mean open time, thus increasing
Na channel activity to levels comparable to those observed by
the maneuvers used to increase intracellular cAMP (Fig. 8). The
effect of PKA was strictly dependent on the presence of ATP, but
was independent of the presence of Ca2 in the bath solution.
Although the cAMP-activation of apical Na channels has been
clearly established for this and other related epithelia [58, 59], the
steps involved in the PKA-mediated phosphorylation of substrates
associated with Na channel activation in epithelia remain largely
unknown. In favor of the hypothesis that regulatory proteins may
3.0
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Fig. 6. Effect 0fAVP on Na * channelactivity in A6 cells. A. Addition of AVP (0.2 rM) to cell-attached patches induced Na channel activity within five
minutes as shown in this representative experiment from N = 18. Bath and pipette solutions were a 115 mi NaC1 buffer as described in [14]. Holding
potential (Vh) of zero mV refers to pipette voltage. (Right panels) AVP significantly increased the average apparent number (B) and the % open
probability (C) of the Na* channel. *P < 0.001 for AVP versus control (N = 18). Reproduced with permission from [43]
Control Vasopressin
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Fig. 7. Effect of maneuvers to increase cAMP on Na channel activity in A6
cells. The data show the average apparent channel number after addition
of 8-Br-cAMP or cpt-cAMP (50 ILM; N = 6, Left), isobutyl-methyl-
xanthine (IBMX, 100 LM; N = 3, Middle) or forskolin (50 jLM; N = 6,
Right) to cell-attached patches with no spontaneous channel activity. The
patch-clamp conditions were as in Figure 6. Reproduced from [43] with
permission.
be involved in the PKA effect, data from Na channel-containing
vesicles have failed to show an increased rate of Na transport in
the presence of ATP and PKA as the endogenous effectors of
cAMP action [60]. This is further supported by studies in which at
least one of the subunits (300 kD) of the purified epithelial Na
channel complex from A6 cells was found to be the substrate for
the specific phosphorylation by PKA, both in vitro and in vivo [61,
62]. Although the regulatory nature of this protein on the Na
channel activity has not been yet determined, the degree of
specific phosphorylation of this protein elicited by AVP in vivo
was correlated with an increase in Na transport [61]. Since
ankyrin and actin have also been identified in the Na + channel
complex [1 1], it was appealing to speculate that the actin cytoskel-
eton may provide a functional link between PKA and actin-
associated regulation of Na channels in A6 cells [14]. On the
other hand, we and others have demonstrated that actin itself may
be a substrate for the specific phosphorylation by PKA [44]. Thus,
despite the fact that the physiological relevance of phosphorylated
actin is largely unknown, evidence already exists for a potential
role of actin phosphorylation on cell function. The possibility
exists that phosphorylating mechanisms which target actin may
affect the native conformation of the protein since phosphorylated
G-actin loses both its ability to bind DNAse I and to undergo
polymerization [51]. The effect of actin phosphorylation on poly-
mer formation may entail an as yet unknown but relevant
biological role, since only G- but not F-actin can be phosphory-
lated by protein kinase A. Thus, the pool of phosphorylated
G-actin may be unable to make a contribution to F-actin elonga-
tion. In terms of its physiological relevance, it may be important to
indicate that AVP action has also been recently found to depoly-
merize actin filaments in tight epithelia [63, 64]. This event may be
consistent with our observation that short actin filaments are the
only polymeric species able to elicit Na channel regulation [14].
Thus, the PKA-mediated phosphorylation of the actin monomer
may help modulate the G-actin pool, and it is therefore tempting
to postulate this mechanism as potentially relevant to the regula-
tion of epithelial Na channels in vivo.
To investigate the role of changes in actin filament organization
in the AVP, and PKA-mediated activation of apical epithelial
Na channels, a series of studies was conducted to determine first
the role of actin on the PKA-mediated activation of Na channels
and second, the possible role of the specific phosphorylation of
actin on this effector system. Excised, inside-out patch-clamp
experiments were thus conducted to test these hypotheses.
Effect of DNAse I on the protein kinase A-activated Na
channel activity
As indicated above, the addition of PKA in the presence of
ATP was first used to induce Na channel activation from
otherwise quiescent excised, inside-out patches [431. Both average
Na channel number and mean open time increased after PKA
plus ATP addition. The role of the actin cytoskeleton on the
PKA-activated Na channel activity was next sought by addition
of the monomeric (G) actin-binding protein, DNAse I. Na
channel activity was completely inhibited within three minutes
after addition of DNAse I (Fig. 8), an indication that a monomeric
actin pool mediated the activation of Na channels, and lending
further support to the contention that the cytoskeleton may be
involved in the PKA-dependent activation of Na channels.
Effect of cytochalasin D on the PKA -activated Na
channel activity
To further assess the functional role of the actin cytoskeleton
on the PKA-mediated activation of Na channels, another ap-
proach was followed. As indicated above, Na channel activation
was induced in cells exposed to CD for periods of time shorter
than 40 minutes. This was consistent with the fact that a brief
exposure of cells to CD was devoid of macroscopic changes in cell
shape [44]. Longer exposures to the drug, however, resulted in
changes in cell shape and loss of plasma membrane interactions
with actin. Under these conditions, Na channel activation was no
longer observed. Membrane patches from cells exposed to CD for
longer periods of time, therefore, would provide a suitable model
to assess the molecular mechanisms responsible for the regulation
of Na channel activity. Experiments were thus designed to ask
the question of whether a disruption of actin filament organiza-
tion alters the response to PKA in A6 cells. Excised, inside-out
patches from CD-treated cells for two hours were obtained and
shown to be devoid of Na channel activity. Interestingly, addition
of PKA plus ATP to these patches was no longer effective in
activating Na channels (Fig. 9). To determine that Na channel
activity could be rescued in these cells, actin prepared as previ-
ously described [14] was added to the cytosolic surface of excised
patches to form "short" actin filaments. The addition of actin
under these conditions, induced Na channel activity within three
minutes (Fig. 9). A conclusion can be drawn from these studies
that actin filaments are required for the PKA-mediated activation
of apical Na channels and support the contention that PKA may
target actin itself. This was further investigated as indicated below.
cAMP IBMX Forskolin
analogs
978 Cantiello: Actin regulates epithelial Na + channels
Control
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Fig. 8. Effect of DNAse Ion P1(4-activated Na
channels. Addition of PICA (10 sg/ml) and ATP
(1 mM) to the cytaplasmic side of excised,
inside-out patches with no spontaneous
channels (top tracing), induced Na channel
activity within two minutes (middle tracings).
c Subsequent addition of DNAse I (bottom
tracing) inhibited PKA-dependent activation of
Na channels. The data are representative of
4 experiments, and were obtained under
conditions previously described [141.
Reproduced from [44] with permission.
CD, 2 hrs
Control
V5 =60 mV
c
5 mm after
PKA plus
ATP addition
3 mm after
0-actmn
addition
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LA
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Fig. 9. Lack of effect of P1(4 following
cytochalasin D treatment. Cells were treated
with eytoehalasin D (CD, 5 rg/ml) for at least
two hours. Excised, inside-out patches with no
spontaneous Na channel activity were then
obtained (top tracing). Addition of PKA plus
ATP (middle tracing) did not elicit Na
channel activation. In contrast, subsequent
addition of aetin (I mg/mI) restored Na
channel activity within one to three minutes
(bottom tracing). Reproduced from [44] with
permission.
Actin as a substrate for phosphoiylation mediated by PICA
To test the possibility that PICA could directly target the aetin
eytoskeleton, it was hypothesized that aetin itself might be a suitable
substrate for phosphorylation, and that the covalently modified actin
molecule would have properties different to those of the native aetin,
The ability of PICA to phosphorylate actin in vitro was therefore
determined. Aetin was shown to increasingly phosphorylate in the
presence of PICA and ATP within 60 minutes of phosphorylation.
This effect was inhibited by addition of the specific PKA inhibitor, S
to 24 amide [65]. The phosphate:actin molar ratio determined under
equilibrium conditions was found to be approximately two moles of
phosphate per mole of aetin, and thus physiologically relevant [44].
The ability of phosphorylated actin to polymerize was next explored.
The amount of F-aetin achieved after a 15 minute period of
polymerization was significantly lower when starting with phosphor-
ylated actin as compared to the native protein [44]. In contrast, no
significant differences were observed in the state of polymerization
between native and phosphorylated actin filaments that were first
allowed to polymerize. The data demonstrate, therefore, that the
PKA-mediated phosphorylation of aetin may indeed block filament
formation, but does not induce significant depolymerization of actin.
Effect of PKA on the actin-dependent Na + channel activity
As indicated above, phosphorylated actin has different polymer-
izing properties as compared to native protein. Thus, PICA-
phosphorylated aetin may also have distinct effects on Na
Vh =60 mV
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Fig. 10. Effect of phosphoylated actin on Na channel activation. G-actin was phosphorylated with PKA plus ATP under non-polymerizing conditions
in the presence of 600 mi potassium iodide. Non-phosphoiylated G-actin or phosphorylated G-actin was then allowed to polymerize for at least one
hour. Excised, inside-out patches with no apparent channel activity were obtained (top tracing). Apparent channel number increased after addition of
phosphorylated (0.2 mg/mI) (bottom tracing) but not non-phosphorylated actin filaments (0.2 mg/mI) (second tracing). The data shown are
representative of 2 experiments. Reproduced from 1441 with permission.
channel activity. Monomeric actin was allowed to polymerize for
at least one hour in the presence or absence of conditions suitable
for phosphorylation by PKA. Actin polymerized in the presence of
active PKA (phosphorylated actin filaments) induced Na chan-
nel activity in excised, inside-out patches treated with the PKA
inhibitor (to prevent a direct effect of contaminant PKA on
endogenous actin, for details see [1).Actin polymerized in the
absence of PKA or in the presence of inactive PKA (PKA plus
PKI; non-phosphoiylated actin filaments), in contrast, did not
elicit channel activation. This is in agreement with our previous
observations that long actin filaments are without effect in acti-
vating Na channels [141. The stimulatory effect of phosphory-
lated actin filaments on Na channels was further confirmed with
another protocol to obtain phosphorylated actin. Purified G-actin
was first phosphorylated under conditions in which no polymer-
ization occurred (detailed in [44]). Both the phosphorylated and
non-phosphorylated G-actin were then allowed to polymerize as
described above, and then tested for their ability to activate Na
channels. The results were similar to those mentioned before.
Only phosphorylated actin filaments were capable of activating
Na channels (Fig. 10). Thus, under polymerizing conditions in
which native actin filaments are unable to activate Na channels,
phosphosylated F-actin was still capable of activating Na chan-
nels (Fig. 10). Two possibilities may account for these findings.
First, that phosphorylated actin filaments may have changed their
conformation in such a way as to induce Na channel activation,
and the second possibility, which is in agreement with the
phosphorylation studies of actin, is consistent with our own
findings that under phosphorylating conditions, actin has a re-
duced ability to polymerize and thus provide a long-lived pool of
short actin filaments.
Integration of regulatory pathways of epithelial Na
channel activity
Role of the actin cytoskeleton on the G protein-mediated and
phospholipase A2-activated Na channels
In previous studies we had demonstrated that the amiloride-
and AVP-sensitive apical Na channels of A6 cells are modulated
Control
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Fig. II. Effect of actin on the G protein-
mediated and phospholipase A2-activated Na +
channel activity. Cells were treated for three
hours with CD (5 gg/ml) as in Figure 9.
Excised inside-nut patches with no spontaneous
channels were then obtained (top tracing).
Addition of either GTP7S (0.1 msi, second
tracing), Gcsi-3 (20 p, third tracing) or
arachidonie acid (10 JiM, fourth tracing) were
without effect on ion channel activity. Na
channel activity was restored after addition of
aetin (1 mg/mI) and ATP (bottom tracing).
Data are representative of four experiments.
by another regulatory pathway involving the G protein-mediated
activation of phospholipase A2 [42, 56]. The other regulatory
pathway, as indicated in this review, involves the PKA-targeted
effect through actin [43, 44]. Because both pathways are respon-
sible for the activation of the same apical Na channel pool
present in the plasma membrane of A6 cells, an interaction
between them may exist, thus linking the various regulatory steps
associated with Na channel activation. The study of a functional
link between these two pathways has been therefore initiated in
our laboratory with the same experimental approach used before
to rid the plasma membrane of attachments to the actin filaments
and thus the activation of Na channels, As described above,
incubation of A6 cells with the actin filament disruptor CD for
three hours resulted in the cells being unresponsive to either AVP
and/or PICA activation [44]. We next evaluated the consequences
of this maneuver on the regulatory pathway of the Na channel
activation, involving U proteins and phospholipase A2. In cells
previously treated with CD, neither GTPyS nor the direct addi-
tion of the purified, activated, U protein subunit Gaja effected
apical Na channel activation (Fig. 11), in contrast to previous
results in control cells [42]. To further prove if activation of
phospholipase A2 was the affected mechanism after actin filament
depletion, the hydrolytic byproduct and parental substrate of the
regulatory pathway, arachidonic acid, was also tested without
effect. In contrast, addition of actin plus ATP readily activated
Na channel activity (Fig. 11), as we have previously demon-
strated in cell membranes exposed to CD for two hours [44]. The
data thus suggest that actin filament organization is also required
to effect the proper regulatory pathway(s) involving the phospho-
lipase A2 production of lipid metabolites and thus links the apical
regulatory pathways of Na channel regulation, including the
cAMP-mediated hormonal response to AVP. Thus actin is the
more proximal regulatory effector system to control Na channel
activity, therefore raising the as yet unanswered possibility that
actin itself may directly interact with the Na channel.
Conclusion and perspective
The actin cytoskeleton is an essential cell component whose
dynamics have been associated with a variety of cell functions. In
this context, changes in actin filament organization are implicated
in gel-sol transformations involved in cell movement and the
contractile properties of muscle cells. More recently, the actin
cytoskeleton has been also implicated in the control of intracel-
lular information associated with the delivery of specific mRNA
[66, 67], the transfer of intracellular vesicles and receptors [681
and the onset of hormone action [4]. The molecular events taking
place at the plasma membrane and that modify the actin cytoskel-
eton are, however, ill-defined. Actin filaments are structurally-
associated with ion transport proteins. The spectrin cytoskeleton,
for example, couples actin filaments to transmembrane proteins
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including the brain Na channel, the Na,K-ATPase and the
band 3 anion exchanger. The interaction between actin filaments
and these transport proteins has been, heretofore, implicated in
the spatial distribution of these proteins to the various cell
domains. Cytoskeletal interactions with ion transport proteins
have also been functionally implicated in the cell volume regula-
tory response of various cells that may involve ion channel
regulation [40, 55, 69]. Cytoskeletal disruption with such toxins as
cytochalasins, for example, has been shown to obliterate the cell
volume regulatory response of epithelial cells [70, 711 and other
cell types [72]. The cell volume regulatory response to anisoos-
motic stimuli which is mediated by the specific, membrane-stretch
activation of the so-called "mechano-sensitive" ion channels [50,
73] has been thought in terms of the activation of ion channel
activation mediated by the stretching properties of the plasma
membrane. Although the molecular interactions between the
actin cytoskeleton and the effected systems has not been generally
provided, ion channel activation by mechanisms other than stretch
activation have been also postulated that may directly implicate
changes in the actin cytoskeleton instead [74].
The possibility to use the excised inside-out patch clamp
configuration in our studies provided us with a useful model for
the characterization of the molecular steps associating the dynam-
ics of actin filament organization with ion channel regulation. Our
studies indicate that conformational changes in actin are highly
relevant and since neither monomeric nor long filamental actin
effects Na channel activation, this information would provide
strong evidence for a functional role of actin oligomers not
previously available [15]. The possibility exists, however, for
different cell models to respond differently to the various actin
conformations. It was recently reported that the low-conductance
K channel of the rat cortical collecting duct, otherwise sharing
the same regulatory pathways as the apical Na* channel of A6
cells [75, 76], is instead inhibited by disruption of the actin
cytoskeleton with cytochalasins [771. Considering that a variety of
intracellular actin-binding proteins may extensively modify actin
filament organization into its various conformations, the possibil-
ity exists for this being a novel, and perhaps, ubiquitous regulatory
mechanism of cell function. The molecular physiology of the
interaction between actin and specific ion channels is, however,
largely unknown. Actin filaments bind directly to, and may
interact with the plasma membrane and modify its structural
composition. Recent studies, for example, indicate that phospho-
lipase activity can be regulated by the actin cytoskeleton [78, 791.
Thus, the possibility exists for apical regulatory mechanisms other
than cytoskeletal interactions that may also effect epithelial Na
channel regulation, as we recently demonstrated for an apical G
protein coupled to the activation of phospholipase A2 and the
production of arachidonic acid which also regulates Na channels
[56].
Another, yet unexplored possibility, is the direct binding of
actin to ion channels. Although there is no information to support
this contention, new evidence has been provided by the recent
cloning of one epithelial Na channel, RNac, responsible for Na
reabsorption in the rat colon [80]. This channel is actually a
heterotrimer of a, /3, and y subunits, whose expression bears the
functional fingerprinting of previously reported Na channel
activity in epithelial cells [81]. It was observed that the a subunit
of RNac shares sequence homology with the actin-binding pro-
teins known as dystrophins. The a and /3 dystrophins are impli-
cated in the ability of muscle cells to depolarize and therefore to
contract. Interestingly, dystrophins are also members of an actin-
binding family including spectrin, fodrin and other similar actin-
binding proteins [82, 83]. Thus, the possibility exists for the
aRNac itself to link to the actin cytoskeleton by a direct binding
interaction with actin. This hypothesis is supported by at least one
other ion transport protein, the Na,K-ATPase, whose a sub-
unit may bind and interact directly with actin in such a way as to
enhance its ATP hydrolytic activity [84]. Thus, a direct binding of
actin to ion transport proteins might serve as a novel regulatory
mechanism for effecting the ability of these transporters to move
ions. The molecular anatomy of the interaction between ion
channels and actin cytoskeleton has to be further explored.
Although our studies concerned the ability of actin and its
filamental structures to modify Na channel activity, the possibil-
ity also exists that ion channel activity, as it pertains to the delivery
of ions into the cytosolic compartment, might also help modify
actin filament organization and function. The ability of highly
charged molecules such as actin to polymerize following changes
in electric fields has been recently postulated [85, 86]. Ion channel
activation may thus induce a feedback mechanism associated with
the charge-mediated conformational changes of actin filament
organization [87]. The nature of this novel transduction mecha-
nism has been forwarded by recent evidence indicating that actin
filaments can serve as osmo-electric transducers [87] which may
help transduce intracellular signals in the form of electrical
currents [88]. Therefore, the actin cytoskeleton may not only help
regulate cell function but also be the site for intracellular signaling
events to take place.
Another relevant finding of our studies was the ability of actin
filament organization to be modified by the specific PKA-medi-
ated phosphorylation of actin. Actin was directly phosphorylated
by the effector end of a signaling mechanism triggered by cAMP
activation. It is, therefore, important to consider that regulatory
mechanisms involving the conventional second messenger path-
ways may effect the specific phosphoiylation of cytoskeletal
components associated with actin filaments which in turn will help
regulate cell function as well. In our studies, we demonstrated that
AVP activates apical epithelial Na channels by a mechanism
involving activation of adenylyl cyclase and the generation of
intracellular cAMP [43]. This, in turn, activates protein kinase A.
The effector mechanism linking this interaction with the activation
of epithelial Na channels has remained illusive for almost 50
years. With the possibility to use the excised inside-out patch as a
probe to test the ability of protein kinase A and/or actin filaments
to regulate Na channels, we were able to unequivocally demon-
strate that actin is required for the PKA effector system to take
place (Fig. 12) [44]. Thus, AVP action in the kidney may require
an organized actin filament to elicit a physiological response. By
extension, other kinases including protein kinase C, which has an
opposite effect on the regulation of Na channels in epithelia, can
be also postulated to target the actin cytoskeleton. Protein kinase
C, for example, inhibits apical epithelial Na channel activity in
A6 cells [89]. This would be consistent with either one of two
possibilities provided that the regulation may be postulated as
linked to actin filament organization. As indicated in Figure 1 and
also shown by the data on the effects of DNAse I or filamin, any
displacement of the pool of short actin filaments will decrease the
stimulatory effect of actin on the Na channel activity. Thus one
possibility would be the actual polymerization of actin mediated
Fig. 12. Actin filaments mediate the PKA -dependent activation of apical epithelial Na channels. The model indicates that Na channels may be activated
by "short" actin filaments induced by PKA effect on the intracellular G-actin pooi. Under resting conditions (A), G-actin, and "short" and long actin
filaments coexist at a given steady state largely displaced to a larger pool of long actin filaments and thus keeping ion channels in the closed state. In
the presence of vasopressin (AVP) (B), however, V2 receptor-activation of adenylyl cyclase (AC) induces an increase in intracellular concentration of
cAMP and, subsequently, cAMP-dependent protein kinase (PKA). As indicated in this report, actin monomers may be relevant targets for specific
PKA-mediated phosphorylation. Because phosphorylated actin has a lower ability to polymerize than native actin, PKA would induce an increase in the
number and/or half-life of "short" actin filaments which would in turn activate the apical Na' channels.
by PKC as it has been previously reported [90]. Preliminary
evidence indicates, however, that protein kinase C-phosphory-
lated actin actually fails to polymerize [91], therefore mimicking
the molecular interaction of DNAse I with the actin monomer
[28]. In this context, it would be expected that PKC-phosphory-
lated actin will be an inhibitor of Na channel activity, as we have
recently demonstrated [89].
In conclusion, the state of actin filament organization has been
shown to be at the center of a novel signaling mechanism involving
changes in actin conformations. The potential importance of this
regulatory mechanism can be foreseen by the variety of cell
mechanisms involving changes in actin filament organization.
From the activation of blood cells, such as neutrophils and
platelets, to muscle contraction, the ability of changes in actin
filament organization to elicit a cellular response might also
implicate changes in ion transport phenomena. Furthermore, the
possibility that actin filament organization can be also modified by
changes in the phosphorylation state of the actin molecule
provides a novel pathway for signaling events that can be directly
linked to hormonal activation of effector systems as in this case
was observed for the vasopressin action in the kidney.
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